Vagal afferent impulses from pulmonary mechanoreceptors are known to modify inspiratory activity.
The most classical example is the termination of inspiratory activity by pulmonary stretch receptor (PSR) afferents. This was originally reported by Breuer and Hering, and was later confirmed by others (for review ; Euler 1986 ). The rate of rise of phrenic activity has also been reported to increase with the increase in lung volume during the inspiratory phase (DiMar co et al. 1981) . Irritant receptor afferents are also known to induce augmented breaths (Glogowska et al. 1972 ). There are several reports indicating that PSR and irritant afferents influence the onset of inspiratory activity and thus have a significant effect on expiratory duration (Stark and Frantz 1979 ; Rao et al. 1981 ; Homma et al. 1985; Trippenbach et al. 1985) . On the other hand, less attention has directed toward the effect of vagal afferents on expiratory activity (Bishop 1963 : Farber 1982 .
Pulmonary mechanoreceptors can be stimulated in several ways. Lung inflation, tracheal distension, and positive pressure pulses are known to stimulate PSR, while mechanical irritation (e.g., scratching), lung deflation, negative pressure pulses and pathophysiological changes are known to stimulate irritant recep-tors (for review ; Coleridge and Coleridge 1986) . Recently, Homma et al. (1987) reported that triangular-shaped positive pressure pulses applied to the airway stimulate PSR. A mode was seen in the cross-correlogram between positive pressure pulses, designated high-frequency inflation (HFI), and vagal afferent impulses from PSR. It was also reported that HFI decreased respiratory fre quency by prolongation of the expiratory duration (Homma et al. 1985) . However, the effect of HFI on expiratory activity has not been reported. In this study, we investigated the effects of HFI on expiratory activity.
MATERIALS AND METHODS
Experiments were performed on 8 rabbits (weighing 2.6 to 3.4 kg) anesthetized initially with 450 mg/kg urethane and 45 mg/kg chloralose (Wako, Osaka) administered intravenously. The trachea was incised about 1 cm below the upper edge of the trachea and cannulat ed. The spinous process at Th5-6 and L2-3 levels was explored, pinched and fixed with the rabbit in the prone position, so that the abdomen was lifted from the experimental stage. A pair of wire electrodes were inserted in the abdominal muscle. The position permitted expiratory activity to be recorded even during quiet breathing. The phrenic nerve was detached from the surrounding tissue and cut and the proximal end was desheathed for the inspiratory activity to be recorded from another pair of wire electrodes. The neuromuscular activities were amplified (AB-621G, Nihon Kohden, Tokyo) and recorded on a tape recorder (R-71, TEAC, Tokyo). HFI stimulation was generated as previously reported (Homma et al. 1985) . In brief, a moving coil in a sealed box was driven by triangular-shaped electrical pulses. In 4 rabbits, unilateral vagotomy was performed and HFI stimulation was applied during contralateral vagal cooling. Vagal cooling was performed using a thermode with a 1 cm-wide hook-shaped plate at its tip. The thermode has an inner and outer tube, except for 1 mm at the tip. Pressurized CO, gas flows distally through the inner tube, expands near the tip, thus cooling the plate, and then flows outward through the outer tube. The temperature of the plate was monitored by means of a thermocouple. The expiratory activity before and during the HFI stimulation were compared by rectifying and integrating the activity. the inspiratory activity amplitude or duration (T1) . The increased expiratory activity was accompanied by prolongation of the expiratory duration (TE). The voltage-dependency of the TE prolongation is shown in Fig. 4 . Zero volt indicates the non-stimulated control breaths . Each plot represents a value determined from one breath. Greater prolongation was seen at higher voltage, as was the increased expiratory activity . The expiratory phase was divided into the first and second (El and E2) substages by the onset of the tidal expiratory activity (Richter 1982; Sibuya et al . 1987) , and their dura tion (TE, and TE2, respectively) was determined . TE2 was dose dependently prolonged by HFI, while TE, remained constant.
The slope of prolongation of TE and TE2 was identical.
This indicates that the prolongation of TE can be ex plained only by that of TE2. No significant difference was seen between TE, of the control breaths and that during 20 V HFI at 50 Hz. The temporal profile of the enhanced expiratory activity was studied in 12 trials of HFI stimulation in 8 rabbits.
In Fig. 5 , integrated expiratory activity of a control breath and a breath, a few seconds later, during 50 Hz HFI stimula tion are superimposed matching the onset of the tidal expiratory activity.
A few differences can be noted between the two. The amplitude (height to the peak) of the tidal expiratory activity was increased by HFI, as mentioned above. A significant increase was seen in all 12 trials. The peak was seen before the onset of the next inspiration in both cases. Thus, a substage of the E2 stage during the initial rising slope on the integrated expiratory activity curve (from the onset to the peak) was recently designated by Sibuya et al. (1987) as the stage of active expiration (Ea stage). The rate of rise of the expiratory activity in the Ea stage was increased by HFI in 9 of the 12 trials and remained unchanged in the other 3. However, the duration of the Ea stage (TEa) remained unchanged.
T,,, was prolonged in 4, remained unchanged in 4 and was shortened in 4 of the 12 trials. Thus, in general, there were no consistent changes in TEa. It can be seen in Fig. 4 , Fig. 5 . Effect of HFI on the integrated curve of expiratory activity. Curves prior to (lower) and during (higher) HFI application were superimposed by matching the onset of tidal expiratory activity. that there was more activity after the peak (in the declining phase of the integrat ed curve) in the breath during HFI stimulation. The plateau continued longer during the stimulated breath and the portion of the E2 stage following the Ea stage was prolonged. Such prolongation was seen in 8 of the 12 trails, while it remained constant in the other 4. The relation is seen in Fig. 6 , in which the inspiratory and expiratory activity of the same breaths as in Fig. 5 were superimposed matching the onset of the following tidal inspiratory activity. The temporal difference in the peak of the expiratory activity indicates the difference in duration of the portion of the E2 stage following the Ea stage. The difference is identical to the difference in TE seen in the inspiratory activity.
It can be summarized that the prolongation of this period within the E2 stage was respon sible for the TE prolongation previously reported (Homma et al. 1985) . DISCUSSION In this study, it was shown that, as a result of HFI stimulation applied to the airway, expiratory activity in the abdominal muscle increased. HFI has previously been reported to stimulate PSR (Homma et al. 1986 ). Thus it may be assumed that PSR afferents increase expiratory activity.
There are other reports suggesting that PSR stimulation induces expiratory activity (Bishop 1963; Davies et al. 1980; Farber 1982 Sibuya et al. (1987) recently proposed an 'expiratory off-switch' mechanism. According to this theory, expiratory activity continues firing at a certain rate (reflected on the rate of rise of the integration curve) until it reaches the expiratory off-switch level. Then the off-switch mechanism is triggered , expir atory activity suppressed and TEa determined.
Applying this theory to the present finding, it can be concluded that PSR afferents both increase the rate of rise and elevate the expiratory off-switch level. These parameters were consis tently increased by HFI. However, the change in TEa was not consistent. This indicates that the balance between the increase in the rate of rise and the elevation of the off-switch level was not constant and could vary among rabbits and experimental conditions. This is probably because the two are separately determined by different neural subgroups within the 'expiratory pattern generator'. The anatomical location of these neural networks and their interconnection remain to be determined.
The onset of the expiratory activity after termination of inspiratory activity (TE1) was also unchanged by HFI stimulation.
It has been reported that post-inspiratory inspiratory activity affects the onset of the expiratory activity (Richter 1982) .
After the peak, HFI induced lingering expiratory activity before the onset of the next inspiration. This phase is the remainder of the E2 stage following the Ea stage, and is after the peak of the expiratory activity up to the onset of the following inspiratory activity.
We designated this period in the E2 stage,the declining stage of expiration (Ed stage). Its duration (TEd) was prolonged by PSR afferents. This is after the expiratory off-switch mechanism was triggered. Thus, we postulate another independent mechanism responsible for determining the activity and duration of the Ed stage. The most consistent change induced by HFI, concerning duration, was the prolongation of TEd. Thus the 'Ed mechanism' has a powerful ability of controlling TEd and also TE2, TE and the respiratory frequency according to vagal afferents. Various maneuvers that stimulate pulmonary mechanoreceptors are known to modify TE. This study indicated the possibility that the expiratory activity is also affected by these maneuvers.
It may be of significant importance to divide the expiratory phase into its substages (El, and E2 further divided into Ea and Ed stages) and identify which substage was modified. It is possible that the expiratory off-switch mechanism and/or the Ed mechanism is affected in a certain mode and is the cause of the modified TE, as was seen to be the case with HFI.
In summary, PSR afferents induced by HFI increased the expiratory rate of rise and elevated expiratory off-switch level, but did not have any consistent effect on TE1 or TEa. PSR afferents prolonged TE2 and this was due to the prolongation of the portion of the E2 stage following the Ea stage. This period was designated the declining stage of expiration (Ed stage). It was suggested that the activity and duration of the Ed stage is controlled by an independent mechanism. 
